In this paper, we propose a novel machine that transfers electrical energy between the stator and the rotor via magnetic resonance coupling (MRC). As the energy conversion in an MRC does not require any magnetic core, its mechanism realizes an ultra-lightweight motor for potential use in an energy-efficient electric aircraft. The MRC-based motor, its design, operating principles, starting characteristics, and resonance conditions are discussed in detail herein. Through magnetic analysis, we clarify the essential characteristics of the proposed MRC motor and verify the resonance conditions calculated from the equivalent circuit. Our results confirm that the proposed MRC motor transfers electrical energy between the stator and the rotor, thereby generating torque. We further verify that the resonance conditions derived from the equivalent circuit achieve a resonant state.
Introduction
Recent studies have recognized the viability of electric aircraft as an energy-saving technology. However, a practical electric aircraft requires an ultra-lightweight motor. This contradicts the position of conventional motors used in aircraft that require windings and heavy magnetic cores for them to generate a high magnetic flux density and to effectively transfer electromagnetic energy in the air gap.
To reduce motor weight, our team proposes a novel technology that combines the electromagnetic resonance coupling theory with induction motor technology. It was Kurs et al. who proposed the exploitation of electromagnetic resonance coupling, which transfers electromagnetic energy between two separated coils via an electromagnetic resonance action (1) . Sakai et al. (2) - (5) proposed a novel motor, shown in Fig. 1 , in which energy is transferred between the three-phase windings of the stator and rotor through the strong coupling induced by electromagnetic resonance.
In this study, we described the principles and starting characteristics of a magnetic resonance coupling (MRC)-based motor without magnetic cores. Furthermore, we derived the resonance conditions from an equivalent MRC motor circuit.
The essential characteristics of the MRC-based motor are analyzed through an equivalent circuit method and an electromagnetic field analysis. Deriving the resonance conditions from the equivalent circuit, we identified three resonant frequencies in a combination made up of one coil and a resonant capacitor. These frequencies comprise two series and one parallel resonant frequency. Both types were clarified in a magnetic field analysis consisting of two power supply patterns (one with a constant current source, the other with a a) Correspondence to: Kazuto Sakai. E-mail: k sakai@toyo.jp * Department of Electrical, Electronic and Communications Engineering, Toyo University 2100, Kujirai, Kawagoe, Saitama 350-8585, Japan constant voltage source). The analysis results consolidated the characteristics estimated by the equivalent circuit, and confirmed that the proposed MRC motor can transfer electrical energy between the stator and the rotor, thereby producing torque.
Principles and Behavior of the MRC Motor
The fundamental circuit in an MRC motor comprises primary and secondary multiphase windings, which generate a magnetic field and a surrounding electrical field (2) - (5) . The rotating field is generated by the multiphase current of the stator coupling with the same induced polarity field as the current of the rotor winding. As shown in Fig. 1 , the electrical rotating field on the rotor, originating from the difference between the rotating field of the stator and the mechanical rotating speed, synchronously couples with the rotating field of the stator.
The fundamental operating principles of the MRC motor are similar to those of induction motors. Induction motors transfer energy via electromagnetic induction between the stator and the rotor through an air gap. In contrast, MRC motors cannot develop adequate magnetic paths because they lack iron cores. Instead, the energy in this motor design is efficiently transferred through the MRC phenomenon. As mentioned above, since the proposed MRC motor has no iron cores, the leakage magnetic flux is very large, which is a significant low power factor. Therefore, a secondary current necessary for generating torque cannot be sufficiently induced. The MRC is used for the induction of a sufficient secondary current to enable power transmission by compensating the primary and secondary power factors between two air-core coils under a large leakage magnetic flux. Power factor compensation is achieved by connecting the resonant capacitors that are resonating with the inductance component of the primary and secondary side coils. In fact, the MRC can transfer enormous amounts of energy through large air gaps between the two detached coils connected via a resonant capacitor. Thus, in the proposed MRC motor, resonant capacitors are connected to the multiphase windings of the stator coil and to the rotor coil. There, the resonant frequencies corresponding to these capacitors are the power supply frequency of the stator and the slip frequency of the rotor, respectively, as shown in Fig. 1 . These resonant frequencies are the same for the primary and secondary sides, since the frequency on the secondary side is superimposed on the rotation frequency. The resonant capacitor values of the stator and the rotor are determined by the inductance and resonant frequency of each coil. The stator and rotor comprise a nonmagnetic material, and the proposed MRC motor consists of coils and resonant capacitors exclusively, making it ultra-lightweight.
Equivalent Circuit and Resonance Conditions of the Proposed MRC Motor
For qualitative evaluation, an equivalent circuit combining an equivalent MRC circuit and an induction motor can represent the proposed MRC motor. The equivalent MRC motor circuit comprises winding resistances, a mutual inductance coupled with the windings, leakage inductances, main inductances, and capacitors that induce the resonance. Figure 2 shows the equivalent circuit (ignoring the resistances of the windings for easy calculation of the resonant frequencies) when the proposed MRC motor starts at a slip of s = 1. The impedance Z viewed from the primary side is calculated using Eq. (1).
From Fig. 2 , the indices x l1 and x l2 denote the primary and secondary reactance of leakage inductances, respectively, x L10 and x L20 are the primary and secondary reactance of the main inductances, respectively, x M is the reactance of the mutual inductance, and x C1 and x C2 are the reactance of capacitance of the primary and secondary resonant capacitors, respectively. The main reactance of inductances x L10 and x L20 are the components obtained when the reactance of mutual inductance x M is divided into the primary and secondary sides, and are necessary for synthesizing the primary side and secondary side circuits. The primary and secondary reactance of self-inductances of x L1 and x L2 are expressed by the sum of the reactance of the main inductances and the primary and secondary reactance of leakage inductance as illustrated in Eq. (2) . 
The resonance angular frequency ω o in the equivalent circuit of Fig. 2 is expressed by Eq. (3). The resonance capacitances on the primary and secondary sides, C 1 and C 2 , in Fig. 2 , respectively, are determined by Eq. (3) and the self-inductance of the primary and secondary sides, L 1 and L 2 . Two types of resonance are present for electrical circuit: parallel resonance, in which the impedance is maximized and series resonance, in which the impedance is minimized. From Fig. 2 , the condition where the impedance becomes a maximum is the case where the denominator of Eq. (1) is zero, and where Eq. (4) is satisfied. Then, Eq. (4) is transformed using Eq. (2) and the variable angular frequency power source ω can be expressed by Eq. (5). From Eq. (5), the resonance angular frequency (parallel resonance angular frequency) at which the denominator of Eq. (1) becomes zero is represented by Eq. (6), which is found to coincide with Eq. (3). In other words, the resonance capacitances of the primary and secondary sides are set so as to resonate at the parallel resonance frequency. Note that Eq. (7) is transformed by using Eq. (2). In addition, Eq. (7) can be arranged as in Eqs. (8) and (9). Thereafter, Eq. (9) can be expressed into Eq. (10) using the variable power supply angular frequency, self-inductances and resonant capacitances on the primary side and secondary side, and mutual inductance M. Expanding Eq. (10) Under the parallel resonance condition, the resonant frequency is given by Eq. (6) . In other words, the reactance component of the impedance in Eq. (1) must be maximized. Equations (7)-(17) describe the series resonance conditions under which the numerator of the impedance in Eq. (1) is zero. In short, these conditions minimize the reactance component of the impedance given by Eq. (1). From the above equations, the two series resonant frequencies are given by Eqs. (18) and (19). In Eq. (5), the parallel resonant frequency is determined only by the self-inductance and the resonance capacitance. On the other hand, from Eqs. (18) and (19), the series resonant frequencies are affected by the variation of the mutual inductance with the distance between the stator and the rotor coils. This means that the series resonant frequencies vary with the gap between the stator and the rotor. Furthermore, Fig. 2 shows that the resonant capacitances C 1 and C 2 are determined using Eq. (3); three resonance frequencies appeared.
For a constant current power source in Fig. 3(a) , the primary voltage V 1 is obtained as the product of the input impedance Z 1 and the primary current I 1. . Therefore, the primary voltage is also maximized when the input impedance is maximized at the parallel resonant frequency given by Eq. (5). Conversely, the primary voltage is minimized when the input impedance is minimized at the series resonant frequencies given by Eqs. (18) and (19). For a constant voltage power source in Fig. 3(b) , the primary current I 1 is obtained as the quotient of the input impedance Z 1 and the primary voltage V 1 . Thus, the primary current is minimized when the input impedance is maximized at the parallel resonant frequency, and conversely, the primary current is maximized when the input impedance is minimized at the series resonant frequencies. Figure 4 shows the predicted conceptual diagram of the frequency characteristics and resonant frequency points using Fig. 3 as well as Eqs. (5), (18), and (19). The predicted frequency characteristics shown are the torque, primary voltage, primary current, secondary current, and power factor. The motor characteristics change notably as observed at resonant angular frequencies obtained from the three equations mentioned. In the case of the constant current power source, the primary voltage, secondary current, and torque increase dramatically toward the maxima at the parallel resonant angular frequency ω o (see Fig. 4(a) ). As described in Fig. 3(a) , the primary voltage becomes maximized at the parallel resonance angular frequency ω o at which the impedance is maximized. Thus, the input power P 1 = 3V 1 I 1 becomes the maximum at the parallel resonance angular frequency, so that the secondary current and the torque are also maximized.
In the case of the constant voltage power source, the primary current, secondary current, and torque increase dramatically toward the maxima at the series resonant angular frequencies ω m and ω e , whereas the same elements decrease toward the minimum at the parallel resonant angular frequency ω o (see Fig. 4(b) ). Again, as described in Fig. 3(b) , the primary current becomes maximized at the series resonance angular frequencies ω m and ω e at which the impedance is minimum. Thus, the input power P 1 becomes maximized at the series resonant angular frequencies, so that the secondary current and the torque are also maximized. Conversely, since the primary current becomes the minimum at the parallel resonance angular frequency ω o at which the impedance is at maximum, the input power P 1 becomes minimum at the parallel resonant frequencies, so that the secondary current and the torque are also minimum.
Thus, when seeking the parallel and series resonant angular frequencies, one can investigate the characteristics of a system with a constant current source and a constant voltage source, respectively.
From the equivalent circuit in Fig. 2 , since the resonance capacitances C 1 and C 2 are obtained using Eq. (3), the aimed resonance frequency is the parallel resonance frequency. However, when using a constant voltage power source, the two series resonance frequencies can obtain a larger torque than the parallel resonance frequency. Therefore, the series resonant frequencies are desired and it is necessary to use a method of shifting the resonant frequency that will be described later. Since the impedance becomes the minimum at the series resonance frequency, attention should be paid on the possibility of the occurrence of low voltage and large current. Figure 4 shows the predicted characteristics, and the absolute values of frequency, primary voltage, primary current, secondary current, and torque change depending on the value of L 1 , L 2 , M, C 1 , C 2 , and so on.
For the sake of simplicity, Fig. 4 illustrates the parallel resonant angular frequency ω o as a boundary line and the ω m and ω e are drawn symmetrically.
Verification Model of the MRC Motor
Figures 5 and 7, and Figs. 6 and 8, show the basic configuration and circuitry of the proposed axial-flux-type and radial-flux-type MRC motor models, respectively. Tables 1  and 2 list the specifications of the axial-flux-type and radialflux-type MRC motor models, respectively. In Table 1 , the primary current and the primary voltage are the input current and the input voltage when a constant current power source and a constant voltage power source are used, respectively. The output voltage of the amplifier used in the experiment determines the input voltage. The number of strands of the coils for the two models was determined so that the current density was 10 A/mm 2 when using the constant current power source.
Motor Performance
To obtain the frequency characteristics of the torque of the MRC motor model, a magnetic field analysis was performed in JMAG, a finite element magnetic field analysis software. An examination of the frequency characteristics is possible since the proposed MRC motor converts energy at the resonant frequencies. Moreover, the frequency characteristic, also called the starting characteristic because it is a characteristic when the motor starts (s = 1), was obtained in order to confirm the resonance phenomenon at the derived resonant frequencies shown in Eqs. (6), (18), and (19). The cir- Tables 3  and 4 list the values of the stator and the rotor capacitors, C 1 and C 2 at each resonant frequency, for the axial flux-type and the radial-flux-type MRC motors, respectively. For this operation, we have investigated the frequency characteristics by connecting the capacitances set to five resonance frequencies Figure 9 shows the starting power factor characteristics of the primary circuit, primary voltage, secondary current, and torque, respectively, when the axial-flux-type MRC motor with each capacitor for the resonant frequencies starts up under the condition of a constant current power source. There are three resonant frequencies at which the power factor is 1.0 Table 4 . Calculated capacitor values of radial-flux-type MRC motor Table 5 . Resonant frequencies of the axial-flux-type MRC motor for each resonant capacitor (see Fig. 9(a) ). Meanwhile, the primary voltage, secondary current, and torque peak at a particular frequency (see Figs. 9(b)-(d) ). These characteristics resemble those of the equivalent circuit shown in Fig. 4(a) .
Starting Characteristics of the Axial-flux-type MRC Motor for a Constant Current Power Source
In Fig. 9 , panels (b) and (c) exhibit overvoltage and overcurrent conditions, respectively. In actual operation, the slip frequency of the driven motor should not exceed 100 Hz. Under this condition, the primary voltage is approximately proportional to the square of the slip frequency, while the secondary current and torque are proportional to the slip frequency. At a slip frequency of 100 Hz, the primary voltage, secondary current, and torque are approximated as 213 V, 28.1 A, and 2.25 Nm, respectively.
Starting Characteristics of the Axial-flux-type MRC Motor for a Constant Voltage Power Source
Similar to the constant current power source, the panels (a), (b), (c), and (d) of Fig. 10 display the starting power factor characteristics of the primary circuit, stator current, secondary current, and torque, respectively. There are three resonant frequencies at which the power factor is 1.0 for each resonance capacitor in Fig. 10(a) . However, the stator current, secondary current, and torque peak at only two resonant frequencies (Fig. 10(b)-(d) ), indicating that a large flow of current occurs at two of the three resonant frequencies.
These characteristics resemble those estimated from the equivalent circuit in Fig. 4(b) . Table 5 lists the resonance frequencies obtained from Eqs. (5), (18), and (19) in the frequency range 1-5 kHz. In addition, Fig. 10 and Table 5 show that the resonances coincided with the calculated resonance frequencies: f m , f o , and f e are the three resonant frequencies corresponding to ω m , ω o , and ω e , respectively.
Starting Characteristics of the Radial-flux-type MRC Motor for a Constant Current Power Source
This subsection describes the starting characteristics of the radial-flux-type MRC motor when using the constant current power source. As in Subsection 5.1, Fig. 11 shows the starting characteristics of the power factor, primary voltage, sec- Fig. 11(a) , the MRC motor has three resonance frequencies, and Figs. 11(b)-(d) show the primary voltage, secondary current, and torque approach maximal values. At a slip frequency of 100 Hz, the primary voltage, secondary current, and torque are approximated as 56.2 V, 7.30 A, and 2.61 Nm, respectively.
Shifted Starting Characteristics of the Axialflux-type MRC Motor for a Constant Voltage Power Source
As mentioned previously, the MRC motor produces three resonant frequencies even when the resonance capacitances are determined at aiming for one. In these three frequencies, one is a parallel resonance frequency (aimed resonance frequency) at which the impedance is maximum, and the other two are series resonance frequencies at which the impedance is a minimum. From Fig. 10 , when a constant voltage power source is used, a large torque can be obtained by the series resonant frequency as compared to the parallel resonant frequency. Therefore, when the series resonant frequency is desired as the power supply frequency, shifting is necessary by means of changing the resonant capacitances. Since the impedance becomes the minimum at the series resonance Table 6 . Calculated capacitors value of the axial-fluxtype MRC motor for shifting Table 7 . Shifted resonant frequencies of the axial-fluxtype MRC motor frequency, attention should be paid to the possibility of a low voltage and a large current. We will now investigate whether the three resonant frequencies calculated using Eqs. (5), (18), and (19) can be shifted in parallel by changing the capacitor values under the resonance conditions. Table 6 shows the capacitor values at the shifted resonant frequency points., while Table 7 and Fig. 12 show the shifted resonant frequencies. From these, the series resonant frequency f e is shifted to the frequency where the parallel resonant frequency f o is present. A comparison of the values of the primary current I 1 , secondary current I 2 and torque T obtained from Figs. 10 and 12 before and after shifting, are shown in Table 8 . From the table, shifting the parallel resonance frequency to the series resonance frequency leads to an increase in current and torque.
Verifications of the Equivalent Circuit Method
This section compares the values of the equivalent circuit method and the results of the FEA magnetic field analysis. Tables 8 and 9 compare the results of the axial-flux-type and the radial-flux-type in the case of using the constant current power source. Tables 9 and 10 compare the results of the FEA and the equivalent circuit method, where the symbol "FEA" stands for FEA results. Each characteristic value by the equivalent circuit method was obtained using Eqs. (20)-(22) (6) . Here, V 1 , I 1 , I 2 , T, and p are the primary voltage, the primary current, the secondary current, the torque, Table 10 , the radial-flux-type equivalent circuit method is in good agreement with the results of the FEA, while the equivalent circuit method is effective for examining the motor characteristics. In contrast, from Table 9 , the values of the primary voltage and the secondary current in the axial-flux-type are in good agreement with the results of both equivalent circuit method and FEA analysis, with the exception of the torque values This is probably due to the number of slots of each pole, each half-phase axial-flux-type used in the study, and the noticeable asymmetric magnetomotive force distribution 
Conclusions and Future Work
In this paper, we proposed an MRC-based novel motor that negates the need for heavy iron cores. Our analytical results confirmed that the MRC motor could transfer electrical energy between the stator and the rotor, thereby producing torque. We derived the required resonance conditions from the equivalent circuit, and verified that the MRC motor reached the resonant state under those conditions. In a configuration combining windings and resonant capacitors in both stator and rotor, the MRC motor established two series resonant frequencies and one parallel resonant frequency. Both types were investigated in a magnetic field analysis under a constant current source and a constant voltage source. The results of the magnetic field analysis agreed with the estimated characteristics of the equivalent circuit. Furthermore, it was found that the resonant points can be altered by changing the resonant capacitance values under the resonance conditions. In addition, it was clarified that the torque does not coincide with the number of slots of each pole and each phase, which is 1/2 for this study. Future investigations may focus on the examination of the torque mismatch between the two methods and making the equivalent circuit method more effective by making corrections to the circuit constant. In addition, further analysis and verification of the operating characteristics of the MRC motor in practical experiments will be considered.
